Introduction
Hepatitis C virus (HCV) is a major causative agent of both community-acquired and transfusion-associated non-A, non-B hepatitis. 1, 2 Most patients develop chronic infection, and this may lead to hepatocellular carcinoma (HCC). [3] [4] [5] Currently, there is no effective vaccine against HCV infection. The standard of treatment is the combined use of nucleoside analog ribavirin and pegylated interferon (IFN)-α; however, the efficacy of this treatment is limited and depends on the viral genotypes. [5] [6] [7] HCV has been classified into the genus of the Flaviviridae family with enveloped plus-strand RNA virus. 8 The HCV genome contains 3,010 amino acids composed of structural and nonstructural proteins. For HCV core protein, the nucleocapsid component is the submit your manuscript | www.dovepress.com
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roopngam et al structural protein, whereas envelope proteins 1 and 2 (E1 and E2) are the viral membrane proteins. [9] [10] [11] E2 envelope glycoprotein of HCV has been reported to bind human host cells and has been applied to generate anti-HCV vaccines' immunological characterization and application of Escherichia coli (E. coli)-derived hepatitis. 12 However, there is still no effective HCV therapeutic vaccine because most chronically infected patients lack cytotoxic T-cell responses, even though they have high levels of neutralizing antibodies. 13, 14 Therefore, there is a need to develop an HCV-effective prophylactic and therapeutic vaccine in order to reduce a worldwide epidemic. 12, 13 In particular, a therapeutic vaccine to treat HCC is more challenging to produce than a prophylactic vaccine. However, the peptide vaccine has several disadvantages, with poor immunogenicity of protein, low stability, delivery, and inefficient antigen presentation among them. 15, 16 Therefore, the adjuvants or immunomodulator molecules need intensive investigation to increase the potency of the vaccine. 16 In this study, the vaccine adjutants have been applied to enhance cellular immune responses. Poly d,l-lacticco-glycolide (PLGA) particles have been applied to viral vaccines to enhance the cytosolic delivery of antigens and have been shown to significantly increase antigen presentation to the major histocompatibility complex class I and activate IL-2 secretion by T-cells in comparison with soluble antigens and antigen-coated latex beads, respectively. 17, 18 For the viral therapeutic vaccine, an interesting study in HPV16-E6 and -E7 peptides combined with PLGA microspheres has shown a higher efficacy when compared with peptides alone in murine models. 19 Therefore, PLGA particles could have a great potential as protein carriers and adjuvant for an HCV subtype 1b therapeutic vaccine. In this study, we generate an HCV genotype 1b protein because this genotype plays an important role in HCC development, especially in patients with early-stage liver disease. 20 Moreover, the HCV genotype 1b is reported as a major risk factor associated with HCC in patients with cirrhosis, who have a statistically significantly higher risk of developing HCC. 21 We constructed HCV1b-E2 recombinant protein because of its advantages as an inexpensive source and high antigenicity. 22 However, HCV1b-E2 (181 aa) is hydrophobic, and it is a recombinant protein from an E. coliexpressed system, which could provide only a truncated form as insoluble protein. 22 The solubility of protein was resolved by using 10% dimethyl sulfoxide (DMSO) for mice injections. However, the high concentration of DMSO could induce apoptosis. 23 The solubilized protein in urea is also not suitable for human immunization. Thus, we applied PLGA microspheres to deliver the insoluble protein. The hydrophobic protein was dissolved in DMSO with PLGA and encapsulated inside PLGA microspheres. An in vitro releasing protein data indicated that the soluble protein could be released from PLGA microspheres. Mice immunizations with encapsulated HCV1b-E2 proteins into PLGA microspheres were investigated for specific humoral immunity and an expression of cytotoxic T-cells. The prophylactic and therapeutic vaccines have been enhanced by triggering the humoral and cell-mediated immune responses to target HCV1b-E2-specific antibody and cytotoxic T-cells, which would be very useful for a therapeutic approach. 24 Therefore, a PLGA microsphere has performed a strategy as an adjuvant and effective delivery system. This system will provide a new alternative to the development of HCV prophylactic and therapeutic vaccines.
Materials and methods Mice
Female BALB/c mice (8 weeks of age) were purchased from Guangzhou Traditional Chinese Medicine University (Guangzhou, People's Republic of China) and were housed in filter-top cages under specific pathogen-free conditions. The animal studies were conducted with ethical approval from, and in accordance with, the protocols and guidelines of the Animal Care and Use Committee of Tsinghua University.
construction of recombinant expression plasmids pET28a is a histidine-tagged fusion expression vector containing E2-coding sequences of HCV subtype 1b (Genbank AJ288799.1), which was prepared from attenuated HCV. The pET28a-E2 gene was subjected to the DNA sequence analysis, as shown in Figure 1 . Polymerase chain reaction and recombinant cloning were performed according to standard protocols. DNA 
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hepatitis c e2 protein encapsulation into Plga-induced cytotoxic T-cells sequence coding for E2 (384-564aa) was cloned into pET28a between the BamHI and EcoRI sites to create pET28a-E2 by using primer sequences, as shown in Table 1 .
Expression conditions and purification
Recombinant HCV1b-E2 protein was prepared in E. coli strain DH5γ. Recombinant proteins with His-Tag were expressed upon induction with 1 mmol/L isopropyl-β-dthiogalactopyranoside (Sigma-Aldrich Co., St Louis, MO, USA). E. coli was sonicated and subjected to protein extraction by 8 M urea, then purified on Ni-NTA agarose column (QIAGEN, Hilden, Germany). The column was washed with 30 mM imidazole in 8 M urea and then eluted with 100 mM imidazole in 8 M urea. Purified proteins were dialyzed against phosphate buffered saline (PBS, pH 7.4) and lyophilized. HCV1b-E2 recombinant protein molecular weight was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis, and gels were coomassie blue stained.
Preparation of encapsulated hcV1b-e2 into Plga microspheres PLGA (50:50, MW 50,000) with a carboxylic end group was purchased from Sigma-Aldrich Co. HCV1b-E2 protein encapsulated into PLGA microspheres (HCV1b-E2-PLGA) was prepared by the dialysis method initially described by Jeon et al 17 with modification. Briefly, 0.5 mg HCV1b-E2 protein was dissolved and emulsified in 1 mL solution of polymer in DMSO (0.5 mg/mL) by sonication for 15 seconds (output 2) and then dialyzed by using 14 K cutoff dialysis membranes against PBS. The solvents were reduced by evaporation under reduced pressure without heating. The HCV1b-E2-PLGA pellet was collected by centrifugation at 3,000 rpm for 3 minutes to quantify for the protein.
characterization of hcV1b-e2-Plga microspheres
HCV1b-E2-PLGA microsphere sizes were subjected to ultrasonication and measured by Malvern Mastersizer 2000 (Zetasizer Nano ZS90, Malvern Instruments, Malvern, UK). Before measurement, the microspheres were freshly prepared and appropriately diluted. All measurements were carried out at room temperature after 10 minutes of equilibration. HCV1b-E2-PLGA microspheres were measured in triplicate and were further observed by transmission electron microscopy (TEM, Tecnai G2 20, FEI Company, Hillsboro, OR, USA). To prepare samples for the TEM, samples were dropped onto carbon-coated lacey support films. The support films were allowed to dry before characterization.
HCV1b-E2-PLGA-encapsulated efficiency
HCV1b-E2-PLGA microspheres (200 µL) were digested into 1 mL of 0.02 N NaOH containing 1% (weight/volume [w/v]) SDS. The solution was then adjusted to pH 7.0 by 1 M HCl and centrifuged at 10,000 rpm for 5 minutes. The HCV1b-E2 protein from a PLGA pellet was then quantified in triplicate by a UV-visible spectrophotometer at 595 nm as per the standard protocol of the Bradford assay (Bio-Rad Laboratories Inc., Hercules, CA, USA), and 1.4, 2.8, and 5.6 mg of bovine serum albumin (BSA) were measured to set a standard curve.
In vitro release studies
In vitro release studies were carried out by suspending 200 mg of microspheres in 60 mL of PBS containing 0.02% sodium azide as a bacteriostatic agent and 0.01% Tween 80 to prevent the microparticles from aggregation in the culture plate. The samples were collected and centrifuged for 5 minutes. The supernatant was assayed in triplicate for the protein release using a UV-visible spectrophotometer at 595 nm as per the standard protocol of the Bradford assay (Bio-Rad Laboratories Inc.) on days 1, 7, 14, and 21.
Mice antibody response and cD8 + T-cell analysis
Mice were divided into four groups of three for immunization, and each group received four subcutaneous injections (50 µL per injection). Injections were with complete Freud's adjuvant on day 0, and with incomplete Freud's adjuvant on day 14 for all groups. The first group was administered PBS to serve as a saline control. The second group was administered 5 µg/µL of PLGA microspheres in PBS per animal per injection. The third group was administered 5 µg/µL of HCV1b-E2 protein in 10% DMSO per animal per injection. The fourth group 
IFN-γ elIsa assay
The intracellular IFN-γ was produced mainly from the activated antigen-specific cytotoxic T-cells, and other lymphocytes also secreted a low level of IFN-γ and were harvested from culture supernatant of mice lymphocytes at 72 hours. Mice lymphocytes from the HCV1b-E2-and HCV1b-E2-PLGAtreated groups were cultured with Roswell Park Memorial Institute-1640 (Gibco/BRL) supplemented with 10% fetal calf serum, 25 mM HEPES, 2 mM l-glutamine, 1 mM sodium pyruvate, and 100 µg/mL of penicillin/streptomycin. The culture supernatants were lyophilized and resuspended in 300 µL of PBS. The levels of IFN-γ in culture supernatant of mice lymphocytes that were immunized with HCV1b-E2 protein and HCV1b-E2-PLGA microspheres were compared using the IFN-γ ELISA kit 25 (Dakewe Biotech Co. Ltd., Beijing, People's Republic of China) according to the manufacturer's instructions. Mice IFN-γ standard proteins at 40, 20, 10, and 5 pg were measured as the standard point of OD at 450 nm. Data are representative of three independent assays.
statistical analysis
The significant differences between the mean values were determined by a two-tailed Student's t-test. P-values ,0.05 were considered to be statistically significant.
Results
hcV1b-e2 protein antigen was presented at a molecular mass of 20 kDa
HCV1b-E2 protein was generated in E. coli to express the truncated form of protein. The expressed protein was purified and collected for eluate fractions from the column. HCV1b-E2 eluate fractions of proteins were made concentrated by lyophilization and then resolved in 12% SDS-PAGE under reducing conditions. The resolved proteins were visualized using Coomassie Blue stain. Consistent with the measurement of protein content, it was found that HCV1b-E2 was presented predominantly at a molecular mass of 20 kDa from the eluate fractions obtained from Ni-NTA agarose column as shown in Figure 2 .
hcV1b-e2-Plga microspheres morphology and sizes
The protein was further subjected to encapsulation into PLGA microspheres. As shown in Figure 3A 
Encapsulation efficacy
To demonstrate that HCV1b-E2 protein was actually encapsulated into PLGA microspheres, the HCV1b-E2-PLGA microspheres were quantified for the protein amount using the Bradford assay, as shown in Figure 4 . The BSA standard curve was measured for the standard protein point of OD at 595 nm. The protein quantification of HCV1b-E2 before encapsulation was 0.5 mg (OD =0.055). The encapsulated HCV1b-E2 protein from PLGA was 0.45 mg (OD =0.0495). This result indicated that the encapsulated protein is a 90% yield of encapsulated efficacy (Figure 4 ). 
hepatitis c e2 protein encapsulation into Plga-induced cytotoxic T-cells hcV1b-e2 protein released from Plga microspheres
HCV1b-E2 protein was further determined for the release from PLGA microspheres and quantified by the Bradford assay on days 1, 7, 14, and 21. The released amounts of protein were 0.040, 0.145, 0.285, and 0.407 mg, respectively. These data showed that HCV1b-E2 protein released on days 1, 7, 14, and 21 was 0.088%, 32%, 63%, and 90%, respectively, as shown in Figure 5 . This result indicated that the microspheres released HCV1b-E2 protein slowly, and the releasing efficacy is 90%.
an expression of mice cytotoxic T-cells
An expansion of cytotoxic T-cells induced by HCV1b-E2-PLGA microspheres was evaluated in vivo for mice CD8 + T-cells as shown in Figure 6 . The saline control group (PBSimmunized mice) and PLGA control have no lymphocyte expansion. Some of the lymphocyte numbers from these control groups are too low to count with flow cytometry. The saline control group has no CD8 + T-cells ( Figure 6A ). For the PLGA control group of three mice, only one showed an expression of CD8
+ T-cells in 1.65% ( Figure 6B ). The expression of mice CD8 + T-cells was compared by flow cytometry analysis data between the two groups of mice immunized with HCV1b-E2 ( Figure 6C ) and HCV1b-E2-PLGA microspheres ( Figure 6D ). The higher expansion of lymphocytes and cytotoxic T-cells was observed in an HCV1b-E2-PLGA microspheres-treated group from the increased positive events of flow cytometry analysis.
To investigate a statistically significant expression of mice, CD8
+ T-cells among the two groups of mice were immunized with HCV1b-E2 and HCV1b-E2-PLGA microspheres, as shown in Figure 7A . The HCV1b-E2-immunized mice expressed a lower number of CD8 + T-cells (4.427%±0.992%), whereas HCV1b-E2-PLGA-immunized mice showed a significant increase in CD8 + T-cell population (8.257%±1.502%).
hcV1b-e2-Plga microspheres could induce IFN-γ production IFN-γ levels in cultured supernatant of lymphocytes culture, HCV1b-E2 and HCV1b-E2-PLGA microspheres-treated groups, were compared. The levels of IFN-γ from HCV1b-E2 and HCV1b-E2-PLGA microspheres-treated groups were 0 and 5 pg, respectively, as shown in Figure 7B . The group of HCV1b-E2-PLGA microspheres-treated mice showed a significantly higher OD point of IFN-γ secretion (0.089±0.08) when compared with the group of HCV1b-E2 microspherestreated mice (0.177±0.004) (n=3, P,0.05, Figure 7C ).
hcV1b-e2-Plga could induce humoral immune response
The antigenicity of HCV1b-E2-PLGA was evaluated by mice immune response, as mice carry the HCV1b-E2 antibody. We observed that the mice have no antibody in the saline control and PLGA microspheres-treated group. The mice into which HCV1b-E2 and HCV1b-E2-PLGA were administered produced significantly higher levels of antibody (n=3, P,0.001) than PBS-and PLGA-administered mice, as shown in Figure 8 . These data indicate that HCV1b-E2-and HCV1b-E2-PLGA-administered mice could induce adaptive immunity and humoral immune response by producing specific IgG to the protein.
Discussion
PLGA particles have been known to increase the potency of a vaccine formulation 26, 27 and are considered to be among several potential vaccine delivery systems. In general, antigen-presenting cells (APCs) have been known to prefer uptake antigens and immune stimulators in particulate form rather than the soluble form. The particulate nature of PLGA particles performed a rapid internalization, perhaps because of its pathogen-mimicking size and charge profile. 28 The studies by Newman et al 29 showed that PLGA particles are able to induce and enhance immune responses of poor immunogens. For a viral vaccine, this very interesting study showed that HIV p24 protein adsorbed onto the surface of surfactant-free anionic poly(d,l-lactide) or poly lactic acid nanoparticles was efficiently taken up by mouse dendritic cells, inducing the maturation of dendritic cells. Furthermore, PLGA particles not only provide a delivery system but also act as an adjuvant. They possess the capacity to present antigens to both major histocompatibility complex classes I and II pathways, inducing both humoral and cellular responses because of HIV vaccines requiring the induction of both kinds of the immune system. 24 Therefore, biodegradable nanoparticles vaccine carrying viral antigens is a good strategy for viral vaccine.
Here, HCV1b-E2 protein was generated and effectively encapsulated to PLGA microspheres, which not only provide a delivery system but also act as an adjuvant. Moreover, for a therapeutic vaccine, PLGA microspheres have successfully demonstrated adjuvant activity to enhance immune responses to human papillomavirus type 16 (HPV16) protein in mice. 19 PLGA particles have been shown to effectively process the antigens in vitro to murine bone marrow-derived APCs because of their slow degradation rate before the internalization in APCs. 30, 31 This suggests that PLGA particles are effective and useful for immunotherapy. Therefore, biodegradable particle vaccine carrying viral antigen is a good strategy for a viral vaccine. For this study, PLGA microspheres have demonstrated the adjuvant capacity to induce cellular immune responses by an expression of CD8 + T-cells, which is the therapeutic vaccine's purpose, to generate cytotoxic T-cells. 32 HPV1b-E2-PLGA microspheres were determined to induce cell-mediated immune responses in mice. Here, HPV1b-E2 antigen protein was effectively encapsulated into PLGA microspheres by the Bradford assay, a promising method to quantify protein into PLGA. The release of protein antigens is slow, which is a positive adjuvant property. In particular, HCV1b-E2 protein is a truncated form of insoluble protein, which can be effectively delivered in vivo and uptaken by APCs to trigger the cell-mediated immune system. The antigenicity of HCV1b-E2 and HCV1b-E2-PLGA was evaluated by mice antibody response. To study the viral vaccine, the humoral and cellmediated immune responses were intensively focused on. The prophylactic antibody to HCV1b-E2 was studied in immunized mice, and it was shown that HCV1b-E2-PLGA could induce the specific antibody response. However, the antibody of the HCV1b-E2 protein alone treated group has a significantly higher level than that of the HCV1b-E2-PLGA group. This is because an encapsulated protein is slowly released from PLGA, which is a critical property of adjuvant to induce life-protective immunity. 33 Therefore, HCV1b-E2-PLGA is potent to enhance the humoral immune response and is recommended to apply as the vaccine to prevent HCV. In addition, we generated a spherical shape of PLGA microspheres visualized by TEM and showed the size of 500 nm in a single particle. However, the microspheres are aggregated and show a size of 941 nm in the colloidal system. This is important because a PLGA particle with a size of approximately 1,000 nm has been reported to be the most potent immunomodulator for inducing immune response. 34 Therefore, the size of microspheres in our study has potential as an effective immunomodulator. These results clearly indicate that an encapsulated viral protein antigen into PLGA microspheres effectively induces an expression of CD8 + T-cells. The expansion of lymphocytes and cytotoxic T-cells was observed in an HCV1b-E2-PLGA microspheres-treated group, showing increasing positive lymphocytes population events in flow cytometry analysis. The expression of mice cytotoxic T-cells treated by HCV1b-E2-PLGA microspheres is significantly increased. Moreover, the group of lymphocytes treated with HCV1b-E2-PLGA microspheres produced a high level of IFN-γ. This result is related to the previous report that PLGA microspheres can induce higher IFN-γ in murine models. 19 IFN-γ, one of the key regulatory cytokines in the host immune response against viral infections, is secreted by effector CD8
+ T-cells, Th1 CD4 + T-cells, and NK and NK T-cells. 35, 36 An indirect effect of IFN-γ is to enhance cytotoxic T-cells activity 36 and to activate NK cells besides helping to differentiate CD4 + T-cells toward a Th1 response to promote cytotoxic T-cell differentiation. 37 Therefore, increasing cytotoxic T-cell activity to kill the cervical cancer cells will be enhanced by synergism of increasing IFN-γ and effective cellular immune responses.
Our research shows, for the first time, that an HCV1b-E2-truncated form of protein can effectively encapsulate Figure 8 groups of mice (n =3) were subcutaneously immunized twice on days 0 and 14 with PBs, Plga, hcV1b-e2, and hcV1b-e2-Plga. Notes: Mice antibody levels were determined by indirect elIsa. Bars represent the arithmetic mean value (n =3) ± sD. *P,0.001 between PBs, Plga, hcV1b-e2, and hcV1b-e2-Plga. **P,0.05 between hcV1b-e2 and hcV1b-e2-Plga. Abbreviations: elIsa, enzyme-linked immunosorbent assay; OD, optical density; Plga, poly d,l-lactic-co-glycolide; PBs, phosphate buffered saline.
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hepatitis c e2 protein encapsulation into Plga-induced cytotoxic T-cells into PLGA microspheres, an effective strategy for delivering insoluble protein for vaccine immunization. The development of polymer chemistry and molecular immunology helps to create a successful vaccine delivery system and can lead to the next generation of vaccines. This novel strategy can be a potential therapeutic vaccination in HCV1b-infected patients.
Conclusion
HCV1b-E2-PLGA microspheres can enhance a humoral immunity and cell-mediated immune response to viral-caused hepatitis and HCC, and it can perform the delivery and adjuvant property in murine models. HCV1b-E2 encapsulated into PLGA microspheres is a very good strategy to develop a therapeutic HCV vaccine.
